Background. The epidemic Clostridioides difficile ribotype 027 strain resulted from the dissemination of 2 separate fluoroquinolone-resistant lineages: FQR1 and FQR2. Both lineages were reported to originate in North America; however, confirmatory large-scale investigations of C difficile ribotype 027 epidemiology using whole genome sequencing has not been undertaken in the United States.
Broad spectrum of activity, favorable safety profiles, and multiple indications favored fluoroquinolone use as a widely prescribed class of antimicrobials in the 1990s and early 2000s [1] . However, continued use of fluoroquinolones is associated with development of resistance [2] . Introduction of the first quinolone, nalidixic acid, rapidly led to the development of resistance, especially in Escherichia coli [2, 3] . Resistance mutations were genetically mapped to subunits of deoxyribonucleic acid (DNA) gyrase, which were found to be the target of fluoroquinolone antibiotics [4] .
Clostridioides difficile, a Gram-positive, anaerobic, spore-forming bacterium, is also associated with fluoroquinolone resistance. The epidemic caused by the ribotype 027 strain was primarily characterized by the acquisition of a transposable element and a mutation in the gyrA gene that ultimately led to high-level fluoroquinolone resistance within ribotype 027 C difficile strains [5] . Distinct mutation acquisition events led to the generation of 2 unique fluoroquinolone-resistant lineages designated FQR1 and FQR2 [6] . Both lineages emerged with high probability in the United States in the early 1990s. However, the use of whole genome sequencing to assess national and global dissemination have been limited by a low number of ribotype 027 isolates available for investigation [5] . In addition, previous reports are limited by the lack of United States-derived ribotype 027 C difficile strains, especially of the FQR1 lineage.
Considering this, we sought to conduct a large, epidemiologic study to better understand the emergence and dissemination of ribotype 027 in the United States. Since 2011, we have conducted several Texas state-wide surveillance studies to type C difficile isolates obtained from hospitalized patients with a focus on healthcare centers in Houston, the fourth largest city in the United States [7, 8] . Clostridioides difficile ribotype 027 comprised approximately 20% of isolates obtained from these studies. Given the international healthcare nature of Houston, which includes the Texas Medical Center-the largest medical center in the world-we investigated whether both ribotype 027 lineages are present, providing a unique opportunity to study the evolution of this epidemic strain in the United States.
METHODS

Sample Collection
Institutional Review Boards at the University of Houston and participating hospitals approved this study. Fecal samples were collected from hospitalized patients diagnosed with C difficile infection (CDI) between 2011 and 2018. All patient samples were deidentified. Isolates were purified and ribotyped as previously described [7] [8] [9] . Previously sequenced C difficile strains from He et al [5] and Steglich et al [10] were used for comparative bioinformatics analyses.
Sequencing and Analyses
Deoxyribonucleic acid was extracted using either the QIAamp DNA mini kit (QIAGEN) or AnaPrep automated DNA extractor (BioChain). Deoxyribonucleic acid was quantified by NanoDrop (ThermoFisher Scientific) and Qubit (ThermoFisher Scientific), and DNA quality was assessed using a BioAnalyzer (Agilent). The DNA libraries were prepared according to Illumina's protocols, multiplexed on a flow cell, and run on a NextSeq (Illumina) using paired-end sequencing. The generated fastq files were trimmed using Trimmomatic [11] and sequencing quality was examined by software FastQC. The presence of known antimicrobial resistance genes was determined from cleaned reads using the ARG-ANNOT database [12] and SRST2 pipeline [13] .
For whole genome SNP analysis, cleaned sequence reads were mapped to the R20291 reference genome (GenBank accession number FN545816) using the RedDog pipeline according to the developer's guidelines (https://github. com/katholt/ RedDog). In brief, Bowtie2 version 2.2.3 was used for mapping [14] and SAMtools version 0.1.19 was used for calling SNPs [15] . Only high-quality SNPs were used for phylogenetic analyses [5, 10, [16] [17] [18] [19] . Phylogenetic trees were created in FigTree and heat maps were generated using R. STRING (version 9.05) was used for pathway analyses. BEAST 2.4.7 was used to incorporate spatial and temporal variables into the phylogeny [20] . Analyses were done after the tutorial "Ancestral reconstruction/ discrete phylogeography" with BEAST 2.0 (available at http:// www.beast2.org/ wiki/index.php/Tutorials) and by using previously published manuscripts as guides [10] . Phylogeographic reconstruction was done using SpreaD3 [21] . Quark (https:// zhanglab.ccmb.med.umich.edu/QUARK/) was used for modeling SNP effects on protein structure [22] .
RESULTS
Whole genome sequencing data from a total of 108 ribotype 027 (NAP1/BI) C difficile isolates were analyzed from 23 different geographic regions worldwide. Among the 108 samples, 83 (77%) were isolated from the United States, 76 of which were collected from 15 different regional hospitals in Texas (Table  1) , primarily from the greater Houston metropolitan area. After mapping to the R20291 reference genome, SNP calling identified 2841 high-quality discriminatory SNPs, which defined the maximum-likelihood phylogeny ( Figure 1A) . The SNPs consisted of 900 nonsynonymous mutations, 1404 synonymous substitutions, and 537 intergenic changes. Two disparate groupings of isolates affected the resolution of the phylogeny; however, the FQR lineages were prominent after removing these outlier groups ( Figure 1B) . One group of outliers was identified as of pre-epidemic origin ( Figure 1A, green) , whereas the other grouping ( Figure 1A , blue) clustered amongst other FQR1 strains. Upon further examination of these distant FQR1 strains, we identified 760 SNP sites, >500 indels, and significant homologous recombination that was shared amongst these 2 distant FQR1 isolates compared with other FQR1 strains (Supplemental Figure 1A) . These changes were highly related and corresponded to shared changes in metabolic pathways (Supplemental Figure 1B) . In total, the phylogenetic tree ( Figure  1B ) consists of 49 FQR1 strains (n = 35 Texas-specific), 54 FQR2 strains (n = 36 Texas-specific), and 5 pre-epidemic strains. To our knowledge, this is the largest collection of FQR1 strains that has been analyzed thus far and, overall, the largest collection of ribotype 027 strains that has been sequenced from the United States. It is interesting to note that the maximum-likelihood phylogeny tended to closely group the Texas strains within each lineage resulting in a sublineage, which suggests that there is a local genetic uniqueness to these strains.
The major SNP difference that delineates the pre-epidemic strain from the epidemic strains is the gyrA mutation (c.245C>T) at position 6310 (R20291 genome location), which confers high-level fluoroquinolone resistance in the FQR1 and FQR2 lineages. The primary SNP differences between the FQR1 and FQR2 could be titrated to 28 SNP differences ( Table 2) , 21 of which are nonsynonymous and unique compared with the SNPs identified by He et al [5] . Of the 21 nonsynonymous SNP differences, 8 SNPs were located to genes linked to drug resistance in orthologous species, including the DNA-directed ribonucleic acid polymerase beta chain (encodes rifampicin resistance), putative penicillin-binding proteins, a putative 5-nitroimidazole reductase, and a putative drug/sodium antiporter [23] [24] [25] . Using predictive protein modeling, the SNP in putative 5-nitroimidazole reductase within FQR1 strains affects protein folding and may impact nitroimidazole (metronidazole) action (Supplemental Figure 2) . Other SNPs identified occurred more frequently in FQR1 strains and were found in genes involved in cell metabolism, which suggests that this lineage's worldwide dissemination may have been hampered by cell fitness. Gene presence or absence was also used to discriminate ribotype 027 strains [5] . This analysis separated strains into distinct groups, possibly due to differences in sequence coverage in some strains (Figure 2A) . However, targeted analysis of high variability regions separated strains into 2 prominent groups, corresponding to FQR1 and FQR2 lineages (Figure 2A) region shared among epidemic strains (FQR1 and FQR2) that was absent in the pre-epidemic strain was the transposable element, Tn6192. In contrast, Tn6105 was present in FQR2 strains and was absent in FQR1 strains. The presence or absence of a genomic region corresponding to ABC transporter proteins was not able to discriminate between the FQR1 and FQR2 strains because this was present in approximately half of the strains. This region was more commonly found in strains outside of the United States. Another noticeable missing feature in 6 US strains was CDR20291_1079, which encodes for a putative teicoplanin resistance protein. Finally, 3 strains were missing a gene cluster corresponding to ethanolamine metabolism. Two of the 3 strains were of the FQR1 lineage and were found to be outliers by maximum-likelihood phylogeny using whole genome SNP analysis. Clinical data were available for these 2 patients, 1 of which had fatal refractory CDI. Coincidentally, these strains were also found to harbor SNPs in several other metabolic pathways that may impact virulence properties (Supplemental Figure 1B) . Because the FQR strains are genetically resistant to fluoroquinolones, we also determined whether other known antimicrobial resistance genes were coinherited. In total, 69 of 108 samples (64%) had at least 1 other antimicrobial resistance gene with the most common being ermB (67%) encoding the MLSb (macrolide, lincosamide, and streptogramin B) phenotype ( Figure 2B ). Other genes encoding aminoglycoside (AAC(6')-Ie-APH(2")-Ia, AAC(6')-Im, APH2-Ib, and Sttr), β-lactam (TEM-1d and BlaZ), trimethoprim (DfrC), MLSb (MsrA and VgaA), and tetracycline resistance (tetM and tetW) were also present in some strains. Tetracycline resistance was more common in US strains compared with other worldwide strains (n = 17 of 18 total). In general, antimicrobial resistance genes could be used as a means of separating the 2 lineages ( Figure 2B ). In total, FQR1 strains contained more antimicrobial resistance genes compared with the FQR2 strains ( Figure 2C ). It is interesting to note that 31.5% of FQR2 strains from Houston were positive for ermB, whereas no geographically removed strain was positive for this.
Bayesian phylogenetic and phylogeographic analyses were carried out on the FQR1 and FQR2 strains as previously reported [5, 10] . Consistent with these prior findings, our analysis indicated that mutations arose in the C difficile ribotype 027 core genome at a rate of 1. per year. Bayesian analyses confirmed the distribution of isolates within the fluoroquinolone resistance lineages and also demonstrated sublineages of Houston isolates within FQR1 and FQR2. Emergence of the FQR1 strain was calculated to be as early as 1985, whereas emergence of the FQR2 strain was calculated to be in 1990 ( Figure 3A ). Ciprofloxacin and norfloxacin were approved shortly before 1985 by the US Food and Drug Administration, suggesting that use of these antibiotics may have contributed to the ribotype 027 epidemic. Although these are predictions for the emergence of the first fluoroquinolone-resistant strains, the strains began proliferating and spreading in the mid-1990s [5, 10] . Both lineages are predicted to have emerged from the United States with high probability ( Figure 3B ). Considering the number of hospital systems in Houston and Texas-wide, we also investigated the transmission events that have occurred within the city and to neighboring cities. Most of the isolates were derived from Texas Medical Center hospitals and were transmitted to other hospitals/sites ( Figure 3C ). There was significant mixing amongst hospital systems within Houston likely resulting in the unique Houston strains that are described (Supplemental Figure 3) .
DISCUSSION
Prior investigations into the worldwide dissemination of the ribotype 027 epidemic strain are limited by a low number of globally available strains for typing, specifically FQR1 lineage isolates from the United States. Considering this, we sought to conduct a large, epidemiologic study to better understand the emergence of ribotype 027 in the United States. Using whole genome sequencing, we demonstrated that both fluoroquinolone resistance lineages (FQR1 and FQR2) were equally present in hospitalized patients with CDI in Texas. Core genome SNP analysis was able to discriminate between the 2 lineages, as well as determine the presence or absence of specific genes (Tn6192, Tn6105, putative teicoplanin resistance gene, and the ethanolamine gene cluster). Worldwide resistance differences were noted including teicoplanin resistance that was relatively absent in US strains. The ethanolamine gene cluster was absent in only 3 strains in our collection, all isolated from the United States. Mechanistic gene mutation studies have shown that absence of this gene cluster increases virulence, suggesting that this may have also contributed to more aggressive infections in humans [26] . Several antimicrobial resistance traits unique to Houston strains were also identified in our collection, including increased presence of tetracycline resistance genes. In general, FQR1 strains had more antimicrobial resistance genes compared with FQR2 strains, which may be partially explained by this strain emerging earlier. All of these findings will need to be expanded and confirmed in future studies.
Although previous reports provided a global overview of the 2 epidemic ribotype 027 lineages, they do not show how isolates differ genetically at the geographic level, especially in the United States. In this study, we demonstrated that sublineages of FQR1 and FQR2 have become unique to the greater Houston vicinity compared with worldwide comparators. This study also provides data to support a hypothesis that extends the potential emergence of the ribotype 027 lineage back to the 1980s and early 1990s.
These dates coincide with the clinical use of fluoroquinolone antibiotics in the United States, suggesting that resistance developed quickly after introduction of these drugs into clinical practice [2] . Fluoroquinolone resistance was first documented in E coli as early as 1969 after the introduction of nalidixic acid into clinical practice in 1967, and thus resistance in C difficile approximately 15 years later may be expected. Compared to the relatively slow mutation rate observed in C difficile, E coli mutate at a rate almost 10 000 times faster, which likely contributed to the earlier accelerated resistance [27] . However, as fluoroquinolones became more widely used in the 1990s and early 2000s, increased antimicrobial selection pressure on C difficile strains increased the likelihood that a fluoroquinolone-resistant mutant could emerge as an epidemic ribotype. This hypothesis will require further testing. An additional notable finding was that both FQR1 and FQR2 strains were present in equal abundance in the United States, compared with other global sites. FQR1 strains harbored more antimicrobial resistance genes, and 2 FQR1 isolates were identified that predicted more serious infection course. Further studies will be needed to establish whether FQR1 strains remained in the United States because of changes in cellular metabolism (increased SNPs found in metabolic genes) and natural selection due to antibiotic use. This is indicated from the Bayesian genetic analysis ( Figure 3A) as a stepwise evolution of the FQR1 strains compared with the FQR2 strains in which sublineages emerged at the same time. Regardless of this, our study shows that these strains are still present in the United States and represent a continued urgent threat.
This study has limitations. We sampled a limited number of regional isolates and compared them to the worldwide collection of ribotype 027 isolates that have already been reported. Increasing sample size would strengthen the Bayesian and phylogeographic analyses and allow more precise mapping of isolates within the United States. In addition, because of the highly international nature of healthcare in the Texas Medical Center Houston, many patients travel to Houston from other countries and may have impacted the phylogeographic analyses. The geographic clustering that we observed in this study will need to be demonstrated in other large regional medical centers as well.
CONCLUSIONS
In conclusion, we found that both FQR1 and FQR2 epidemic C difficile ribotype 027 lineages were present in our sample cohort and emerged earlier than previous reports coinciding with increased use of fluoroquinolones. Our findings also indicate that local prescribing patterns may have led to antibiotic resistance that is present in these genomes. Looking forward, more epidemiological tracking studies are needed to understand the evolving dynamics of C difficile.
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